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INTRODUCTION 


During  a  routine  straightening  operation,  a  155-nini  M284  gun  tube  forging 
(serial  no.  0242)  fractured  while  being  pressed,  as  shown  in  Figures  1  and  2. 
According  to  the  press  operator,  failure  occurred  when  the  loading  conditions 
reached  260  tons.  Typically,  a  gun  tube  may  be  subjected  to  loads  up  to  400 
tons.  At  the  request  of  the  Chief,  Manufacturing  Division  of  the  Watervliet 
Arsenal,  the  Advanced  Engineering  Branch  of  Benet  Laboratories  conducted  a 
failure  analysis  on  the  subject  gun  tube  to  determine  the  cause  of  failure. 

PROCEDURE 

Our  examination  and  analysis  consisted  of  the  following: 

•  visual  inspection 

•  hydrogen  analysis 

•  chemical  analysis 

•  magnetic  particle  inspection 

•  mechanical  property  testing 

•  scanning  electron  microscope/energy  dispersive  x-ray  analysis 

•  metallography 

BACKGROUND/HISTORY 

A  review  of  the  processing  and  inspection  data  revealed  that  gun  tube 
forging  serial  number  0242  was  subjected  to  the  standard  processing  sequence, 
i.e.,  rotary  forging,  heat  treatment,  magnetic  particle  inspection,  and  mechani¬ 
cal  property  testing. 

The  results  of  the  magnetic  particle  inspection  conducted  by  Quality 
Control  personnel  reported  the  following  longitudinal  indications-. 
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•  Two  indications  approximately  5  inches  long  located  33  to  38  inches  from 
the  muzzle  end. 

•  Three  indications  approximately  3  to  6  inches  long  located  60  to  66 
inches  from  the  muzzle  end. 

The  tube  fractured  approximately  62  inches  from  the  muzzle  end  in  the 
region  of  the  reported  indications. 

Visual  Inspection 

Upon  receiving  the  failed  gun  tube  forging,  a  thorough  visual  examination 
was  conducted.  Two  segments  of  the  failed  tube  were  received  from  the 
Manufacturing  Division:  a  segment  approximately  15  inches  long  (closer  to  the 
breech  end  labeled  Ml)  and  a  section  approximately  11  inches  long  labeled  M2 
depicted  in  Figures  3  and  4,  respectively.  The  failed  region  is  located  roughly 
62  inches  from  the  muzzle  end. 

Examination  of  the  fracture  surface,  seen  in  Figures  5  and  6,  revealed  a 
dark  gray  region  extending  from  the  bore  surface  into  the  tube  wall.  This 
region  is  relatively  smooth  and  is  a  result  of  quench  cracking  during  the  hard¬ 
ening  cycle  of  the  heat  treatment.  The  dark  gray  appearance  is  due  to  sub¬ 
sequent  oxidation  during  tempering.  The  depth  of  this  dark  region  is  about  3/8 
inch.  The  circumferential  crack  (fracture  surface)  veered  off  into  a  longitudi¬ 
nal  crack  (Figure  7)  with  the  same  depth  of  oxidation,  indicating  it  existed 
prior  to  heat  treatment  (tempering).  Small  cracks  running  skewed  from  the 
longitudinal  axis  were  observed  on  the  bore  surface  in  this  general  vicinity. 
Hydrogen  Analysis 

A  hydrogen  analysis  was  conducted  on  a  sample  taken  from  the  fracture 
surface  to  determine  whether  hydrogen  embrittlement,  which  may  have  caused  or 
contributed  to  the  fracture,  had  occurred.  A  reading  of  2.3  ppm  was  received. 
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This  amount  of  hydrogen  suggests  the  possibility  of  hydrogen  embrittlement  as  a 
factor  in  the  failure  incident. 

Chemical  Analysis 

The  chemical  analysis  for  the  material  is  given  in  Table  I. 


TABLE  I.  CHEMISTRY  ANALYSIS 


Chemical 

Benet 

Vendor 

Required 

Carbon 

0.34 

0.36 

0.32/0.36 

Manganese 

0.58 

0.60 

0.55/0.65 

Phosphorus 

0.009 

0.005 

o-oiW 

Sulfur 

0.008 

0.005 

0-008„a>^ 

Nickel 

2.20 

2.21 

2-10/2.25^3^ 

Chromium 

0.99 

1.01 

0. 9/1.1 

Molybdenum 

0.51 

0.49 

0.45/0.55 

S-i  1  icon 

0.19 

0.16 

0'25^ax 

Examination  of  this  data  shows  that  the  material  meets  the  specified  chemical 
requirements  for  gun  steel  per  drawing  number  11579755. 

Magnetic  Particle  Inspection 

A  circumferential  crack  on  the  bore  surface  was  revealed  under  magnetic 
particle  inspection  conducted  by  Benet  Laboratories.  The  crack,  approximately 
6.5  inches  in  length,  and  illustrated  in  Figure  8,  was  located  about  6  inches 
from  the  fracture  surface  and  56  inches  from  the  muzzle  end.  In  addition, 
numerous  smaller  indications  (approximately  1/8  to  1/2  inch)  were  observed,  as 
shown  in  Figure  9.  These  indications  appeared  to  have  a  helical  pattern, 
suggesting  they  are  associated  with  the  forging  flow  lines,  as  shown  in  Figure 
10.  A  representative  indication  was  sectioned  and  measured  approximately 
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3/8  inch  long  and  approximately  1/4  inch  deep  into  the  cut  face.  Further  exami¬ 
nation  of  this  defect  was  conducted  during  the  metallographic  portion  of  our 
failure  analysis. 

Mechanical  Property  Testing 

Tensile  and  Charpy  specimens  were  machined  from  disks  sectioned  near  the 
fracture.  The  mechanical  property  results  received  from  Watervliet  Arsenal 
along  with  Benet's  data  are  compiled  in  Table  II  below. 


TABLE  II.  MECHANICAL  PROPERTY  RESULTS 


(0.1%)  YS 

Ksi 

UTS 

Ksi 

%RA 

Cv  (-40‘’F) 
ft- lbs 

Benet 

169 

188 

13/20 

20 

Watervl iet 

170 

185 

34/35 

16/18 

Required* 

160-180 

- 

^^mi  n 

l^mi  n 

★per  drawing  number  11578386 

YS;  Yield  strength;  UTS;  Ultimate  tensile  strength;  RA:  Reduction-in-area; 

Cv:  Charpy  impact  energy 

All  mechanical  properties  conformed  to  specification  with  the  exception  of 
%RA  (Benet's  data).  This  was  attributed  to  a  localized  concentration  of  non- 
metal  lic  inclusions  in  the  form  of  stringers.  This  condition  did  not  have  an 
influence  on  the  subject  failure  during  pressing. 

Scanning  Electron  Microscopy 

Examination  by  scanning  electron  microscopy  (SEM)  of  a  fracture  initiation 
site,  shown  in  Figure  11,  revealed  macroscopic  crack  indications  propagating 
into  the  oxidized  layer  of  the  fracture  surface.  These  indications  were  crack- 
type  in  nature  and  of  substantial  depth,  as  illustrated  in  Figures  12a  and  12b. 
The  orientation  and  flow  pattern  of  these  indications  are  identical  to  those 
observed  during  magnetic  particle  inspection. 
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SEM  was  also  conducted  on  the  fracture  surface  of  the  tensile  bars.  The 


fracture  surface  disclosed  nonmetal  lie  inclusions  determined  to  be  manganese 
sulfides  (MnS)  by  energy  dispersive  x-ray  analysis  (EDXA).  Figure  13 
Illustrates  the  morohology  and  distribution  on  the  fracture  surface.  The  frac¬ 
ture  mode  was  of  a  ductile  mechanism. 

Metallography 

A  cross  section  of  the  defect  (previously  observed  under  SEM  in  Figure  11) 
at  the  fracture  initiation  site  was  mounted,  polished,  and  etched  (2%  Nital). 

It  was  determined  to  be  a  crack  with  an  oxide  layer  on  its  surface,  as  shown  in 
Figure  14.  This  fracture  indicates  existence  prior  to  tempering.  In  addition, 
decarburized  layers  were  seen  adjacent  to  the  crack(s).  This  is  an  indication 
that  the  crack(s)  were  exposed  to  high  temperature  (austenitizing  tem- 
oeraturel  for  some  length  of  time,-  therefore,  the  crack(s)  very  likely  existed 
onor  to  heat  treatment.  This  condition  is  depicted  in  Figure  15. 

Longitudinal  and  transverse  samoles  were  sectioned  from  material  adjacent 
to  the  fracture  surface.  They  were  examined  for  inclusion  content  and 
mic'’ostructural  evaluation.  As-polished  photomicrographs.  Figures  16  and  17, 
r'evealed  oxide-type  and  silicate-type  nonmetallic  inclusions,  but  this  was 
st''ictly  a  localized  condition.  In  general,  the  microstructure  was  clean  and 
consisted  of  tempered  martensite,  as  shown  in  Figure  18.  Tempered  martensite 
designates  proper  heat  treatment. 

CONCLUSION 

Based  on  the  findings  of  this  investigation,  we  can  conclude  that  the  frac¬ 
ture  during  pressing  was  initiated  at  the  quench  cracks.  However,  the  results 
of  *:he  magnetic  particle,  SEM.  and  metal lographic  examinations  indicate  that 
Gorging  defects,  i.e.,  bore  surface  cracks,  were  present  in  the  subject  gun  tube 
material  prior  to  heat  treatment.  Furthermore,  these  pre-existing  defects. 
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probably  forging  laps,  acted  as  stress  concentrators  to  initiate  cracking  during 
the  quenching  cycle  of  heat  treatment.  When  the  tube  was  then  subjected  to  the 
stresses  imposed  by  the  straightening  process,  it  fractured. 

Examination  of  the  forging  process  parameters  did  not  reveal  any  discrepan¬ 
cies  such  as  low  forging  temperatures  or  problems  with  the  preform. 

Furthermore,  inspection  of  the  mandrel  did  not  reveal  any  flaws  or  detrimental 
conditions  that  might  have  contributed  to  the  defects  (laps).  It  is  possible 
that  galling  occurred  between  the  workpiece  and  the  mandrel,  thus  producing  con¬ 
ditions  during  forging  ♦■hat  caused  the  defects.  However,  this  particular 
mandrel  was  in  service  for  a  substantial  number  of  forgings  after  serial  number 
0242,  so  the  initial  conditions  may  well  have  been  altered. 

Although  there  was  evidence  of  nonmetallic  inclusions,  they  were  not 
directly  linked  to  a  fracture  initiation  site,  yet  the  forging  defects  were. 

Even  though  their  cause  was  not  determined,  it  should  also  be  noted  that  since 
magnetic  particle  testing  prior  to  the  straightening  operation  had  detected 
longitudinal  cracks,  further  investigation  (ultrasound)  would  have  revealed  the 
depth  of  the  longitudinal  cracks  (3/8  inch  deep)  and  located  the  circumferential 
cracks . 
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Figure  1.  Fractured  gun  tube  forgin j 
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Figure  2.  Clevu-  uf)  ut  i  i'.:i  liiit:  on  sti  o  igh  l(.;ii  i  li' | 


Figure  3 


Segment  of  gun  tube  with  fracture 
located  near  breech  end  (Ml). 
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Figure  4.  Segment  of  gun  tube  with  fracture 
located  near  muzzle  end  (M2). 
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Figure  5.  Dark  gray  ring  on  half  of  the  fracture  surface 
(end  closer  to  the  breech)  (indicated  by  arrows) 
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Figure  6 


Dark  gray  ring  on  the  mating  half  of  the 
fracture  surface  (indicated  by  arrows). 
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Figure  7 


Side  view  of  fracture  surface  showing 
secondary  cracking  (longitudinal  direction). 
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Figure  11.  SEM  of  fracture  origin 
(indicated  by  arrows). 
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Figure  12.  Fractographs  showing  crack  depth 


Figure  16,  Photomicrogreph  depicting  decarbonization 
surrounding  forging  defect, 


Figure  16.  As-polished  photomicrograph  of 
longitudinal  orientation  (lOOX), 
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Figurs  17.  Ai-poUflhed  photomicrograph  of  transvarse  orientation  (lOOX), 


Figure  18,  Tempered  marteneitic  microstructure  (lOOOX). 
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ATTN:  MATERIALS  SCI  &  TECH  DIVISION  1 
CODE  26-27  (DOC  LIB)  1 

WASHINGTON,  D.C.  20375 

DIRECTOR 

US  ARMY  BALLISTIC  RESEARCH  LABORATORY 
ATTN:  SLCBR-IB-M  (DR.  BRUCE  BURNS)  1 

ABERDEEN  PROVING  GROUND,  MD  21005-5066 
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COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MN  1 

EGLIN  AFB,  FL  32542-5434 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MNF 

EGLIN  AFB,  FL  32542-5434  1 

MIAC/CINDAS 
PURDUE  UNIVERSITY 
2595  YEAGER  ROAD 

WEST  LAFAYETTE,  IN  47905  1 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING 
CENTER,  US  ARMY  AMCCOM,  ATTN:  BENET  LABORATORIES,  SMCAR-CCB-TL , 
WATERVLIET,  NY  12189-4050,  OF  ANY  ADDRESS  CHANGES. 


